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We have investigated ion dynamics associated with a dual linear ion trap where ions can
be stored in and moved between two distinct locations. Such a trap is a building block for
a system to engineer arbitrary quantum states of ion ensembles. Specifically, this trap is
the unit cell in a strategy for scalable quantum computing using a series of interconnected
ion traps. We have transferred an ion between trap locations 1.2 mm apart in 50 ys with
near unit efficiency (> 10% consecutive transfers) and negligible motional heating, while
maintaining internal-state coherence. In addition, we have separated two ions held in a
common trap into two distinct traps.
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1. Introduction

Developing a practical method for synthesizing and manipulating entangled quantum states of
many particles is challenging. One approach is to physically isolate small subsystems that can
be operated on independently. By entangling these subsystems sequentially or in parallel a
large entangled state can be constructed [1]. Some of the elements required for this approach,
in the context of trapped ions, are demonstrated here.

For quantum information processing, it may be desirable to transport quantum states
between nodes of a larger system for various technical or intrinsic reasons (e.g., in commu-
nication systems). In a quantum computer, the carriers might be photons [2] - [4], electron
spins [5] - [7], atomic ions [8, 9], or neutral atoms that are transported with guides [10] - [17]
or movable potentials [18] - [20]. For ions, this basic idea has also been applied to atomic
clocks [21] and cavity-QED studies [22].
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There are stringent requirements for a quantum computing system where perhaps hun-
dreds or thousands of two-level quantum systems (qubits) interact. Cirac and Zoller [23]
proposed a physical scheme to implement quantum computing using a string of ions that are
held in a single linear RF trap. Two internal states of each ion form a qubit. An applied
focused laser field selectively couples the qubits to a shared quantized vibrational mode of the
trap. Gate operations between qubits are implemented by way of this common vibrational
mode that acts as a data bus.

The Cirac-Zoller scheme provides a good starting point for quantum operations, but as the
number of ions increases several difficulties are encountered. The addition of each ion to the
string adds three vibrational modes. It soon becomes nearly impossible to spectrally isolate
the desired vibrational mode unless the speed of operations is slowed to undesirable levels
[8, 24]. In addition, as ions are added to the trap the axial trap strength must be decreased
in order to maintain a linear string of ions [25]. A weaker trap makes sideband laser cooling
less efficient and aggravates the problem of mode isolation due to multimode excitations [8].
Furthermore, since error correction will most likely be incorporated into any large processor,
it will be desirable to measure and reset ancilla qubits without disturbing the coherence of
logical qubits. Since ion qubits are typically read out using laser scattering, the scattered light
from ancilla qubits held in a common trap may disturb the coherence of the logical qubits.

For these reasons, we have considered an architecture that employs an array of inter-
connected ion traps [8, 26]. Ions are moved between nodes in the array by applying time-
dependent potentials to “control” electrode segments. To perform logic operations between
selected ions, these ions are transferred into an “accumulator” trap for the gate operation.
Before the gate operation is performed, it may be necessary to sympathetically re-cool the
qubit ions with another ion species [8]. Subsequently, these ions are moved to memory lo-
cations or other accumulators. This strategy always maintains a relatively small number of
motional modes that must be considered and minimizes the problems of ion/laser-beam ad-
dressing using focused laser beams. Such arrays also enable highly parallel processing and
ancilla qubit readout in a separate trapping region so that the logical ions are shielded from
the scattered laser light. In the work reported here, we have implemented the first steps to-
wards realizing this architecture. By continually changing the electric potentials on a series of
electrode segments, we were able to smoothly translate our trapping potential and move ions
adiabatically between two locations in a simple “dual-trap” array. In addition, by increasing
the potential on an electrode near two ions, a potential wedge was inserted between the ions,
separating them into the two traps.

2. The Trap

The trap was constructed from a stack of metallized 200 pm thick alumina wafers. Laser-
machined slots and gold traces created the desired electrode geometry as in the traps of Ref.
[27]. Gold traces of 0.5 pm thickness were made with evaporated gold that was transmitted
through a shadow mask and deposited on the alumina. Subsequently, an additional 3 pm of
gold was electroplated onto the electrodes, resulting in electrode surfaces smooth at the 1 ym
level. These lithographic techniques allow for small traps and could be expandable to larger
arrays. The idealized four-rod linear trap geometry (Fig. la) is approximated using a wafer
stack (Figs. 1b and 1c). The central slot width (400 pgm) and the wafer spacing (360 ym) set
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Fig. 1. The dual linear ion trap (drawings not to scale). a. The idealized four-rod geometry. b.
The wafer-stack implementation. The two trap wafers are spaced with two 360 pm thick alumina
pieces (not shown) that are placed between them along the short edges. The pairs of control
electrodes are numbered 1 through 5 for reference. The two trap locations, #2 and #4, shown in
the figure are labeled by the electrode on which they are centered. The axial length of electrode
1 (2,3,4,5) is 1100 pm (400 pm, 800 pm, 400 pm, 1100 pm). For 8.0 V applied to electrodes 1,
3, and 5 and 0.0 V applied to electrodes 2 and 4 the axial trap frequency in each trap was 2.9
MHz for a single °Be™ ion. The peak amplitude of the applied RF voltage was about 500 V. The
RF drive frequency was 230 MHz. c. Cross-section of the trap electrodes (looking along the trap
axis). d. Side view assembly diagram of the trap structure.
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the length scale of the RF trap. The side slots (10 um wide) electrically isolate the different
control electrodes.

The control electrodes (held at RF ground) are arranged into five segments for axial
confinement (Fig. 1b). Radial confinement (perpendicular to the axial direction) is provided
primarily by ponderomotive forces generated by potentials applied to the RF electrodes [8].
Tons can be trapped at various locations along the axis. For instance, confinement (of positive
ions) at two distinct places occurs when the outer two and middle segments are biased above
the remaining two segments as shown schematically in Fig. la.

A new feature of this trap compared to our previous ones is the line-of-sight shielding of
the electrodes from the neutral berylliumm oven source (located about 2 cmr from the trapy.
Previous evidence [27] indicated that the heating rate of an ion’s motional state increased over
time as beryllium was deposited onto the electrodes. In all of our experiments, the source of
beryllium has been a tungsten/beryllium filament that was heated with direct current thereby
emitting beryllium atoms towards the trap electrodes. Some of the beryllium atoms that pass
through the trap are ionized by electrons that are also directed through the trap; the resulting
9Be* ions are then confined. During trap loading the beryllium is emitted in all directions
and in previous designs was able to coat the electrodes. In the current trap, the electrodes
were shielded from this beryllium flux by a shadow mask. This consisted of an alumina wafer
with a single 200 pm wide slot cut along its center line that was positioned 700 pm above
the trap wafer nearest to the oven. This shield wafer prevented deposition of beryllium on
any part of the trap electrodes. Gold was deposited onto a rectangular area centered around
the slot in the shield and facing the trap electrodes. Voltage applied to the shield’s gold
trace in combination with a differential voltage applied between diagonal pairs of the control
electrodes (for example, between the #2 electrodes in trap #2) allowed us to compensate for
micromotion in at least one of the traps [28].

Figure 1d shows a schematic of the entire trap structure. The two trap wafers and the
shield wafer were spaced with 360 pgm thick alumina wafers along the short edges. The central
and side slots were unobstructed by these spacers. The entire stack of wafers was held together
with two 000-120 screws (one on each end of the wafer stack) passing through the trap axis.
Two “filter boards” held the wafer stack via a mutual spacer board and an additional screw.
A cascade of two RC low-pass filters (R= 1 k2, C= 820 pF) was connected to each control
electrode by a gold wire. The trap stack was clamped inside a resonator that applied up to
about 500 V at 230 MHz to the RF electrodes [29], which were electrically common. This
trap assembly was encased in a quartz envelope attached to a stainless steel vacuum chamber.
After cleaning, the system was baked at 300° C for about two days, resulting in a final ambient
pressure that was less than 4 x 107° Pa (3 x 10! Torr).

3. The Apparatus

We confine ?Be™ ion qubits in this trap. We spectrally resolve two of the ions’ ground-state
hyperfine levels, FF = 2,mp = —2 and F = 1,mp = —1 whose wave functions are labeled ||)
and [1) respectively. The frequency splitting between these two levels, wq /27, is approximately
1.25 GHz. We must also account for the quantized motional levels due to the ions’ confinement
by the trap potential. For a given motional mode, these realize a ladder of states labeled |n)
where n = 0,1,2,— oo. We cool to the ground state (n = 0) with Doppler cooling followed
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Table 1. Summary of ambient heating results for three different traps. The heating rates are
expressed as 1 quantum absorbed per unit of time and v, is the trap axial frequency.

Trap heating rate heating rate edge electro-  electrode electrode
(v =29 MHz) (v.=39MHz) plating plated shield distance (d)
dual 1/10 ms (initial) yes yes yes 270 pm
1/4 ms (later) 1/8 ms
trap A ~ 1/100 us ~ 1/100 us no no no 220 pm
trap C — 1/4 ms (initial) yes no no 220 pm

1/1 ms (later)

by Raman sideband cooling [30, 31]. “Repump” lasers optically pump an ion to |}), thereby
initializing the internal state [30]. We drive stimulated-Raman transitions with laser beams
to coherently move population between the atomic and motional levels [32, 33]. The two
Raman beams have a wavelength A ~ 313 nm and a difference frequency near wy/27. They
are aligned either parallel (0° geometry) or perpendlcular (90° geometry) to each other, with
their difference wave vectors, Ak ~ 0 or |Ak| M along the trap axis respectively. The
final state is determined by probing the ion with mrcularly polarized light from a “detection”
laser. During the 200 us detection period, ions in the ||) state scatter many photons, while
ions in the |1) state scatter few photons. The total number of fluorescence photons collected
during the detection period indicate the final spin state [33, 34].

4. Ambient Ton Heating

The ambient heating of the motional modes is an important source of decoherence for the
Cirac/Zoller gates, which proceed through specific vibrational levels [23]. An expected source
of heating is that caused by thermal electronic noise [8]. However, the heating that we have
observed has always been significantly above what is expected from this source and may be
due to fluctuating patch potentials on the electrode surfaces [27]. Compared to our previous
results {27], the results for the dual trap given below show that the ambient heating has been
significantly reduced¥ Our heating figure of merit, the time interval to absorb one motional
quantum from the ground state (=~ 10 ms) divided by the entangling gate period (~ 10 us),
approaches 1000. The information below compares the results from three different traps and
is summarized in Table 1.

We determined the ambient motional heating rate for the axial mode (frequency 1,) of a
single ion in the trap. The ion’s axial motion is first cooled to the ground state. Following
this, the thermal motional state, quantified by the mean populated motional level {n.), was
measured for various delay times by use of a standard sideband comparison technique [27, 30].
The heating rate, 0(n)/0t, was initially measured to be 1 quantum/10 ms for v, = 2.9 MHz.
This rate is about 100 times smaller than in a previous trap!! (referred to here as trap A), which
was made with similar construction (evaporated gold on alumina wafers but no electroplating).
The characteristic distance d, which we take as the distance from the ion to the nearest trap

¥ Heating results from several trapped ion experiments are summarized in Refs. [27] and [35]. Here we limit
our comparison to 9Be™t heating in traps with very similar construction.
I Trap 6 in Ref. [27].
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electrode, is about 25 % larger for the dual trap than trap A** The approximate d—* scaling
of the heating rate found in Ref. [27] predicts that the heating rate in the dual trap should be
smaller by only about a factor of 2 than in trap A. The heating rate in the dual trap increased
to approximately 1 quantum/4 ms after a period of about 2 weeks, but the rate stabilized to
this value for the next 6 months or about 1000 trap loads.

The line-of-sight shielding of the electrodes from beryllium deposition appears to explain
some of the improvement. However, measurements of heating rates for another recently-
constructed trap (referred to here as trap C) indicate that beryllium contamination may not
be the only source of heating. Trap C was a duplicate of trap A (about the same dimensions

For both trap C and the dual trap we made sure that the evaporated gold layer was even and
continuous over the edges of all of the electrodes nearest to the ions. The initial heating rate
in trap C (when the beryllium deposition was minimal) was 1 quantum per 4 ms for v, =
3.9 MHz. This rate is also much smaller (about a factor of 35) than the rate in trap A with
v, = 3.9 MHz. However, after about 100 loads (the extent of our data) the heating rate in
trap C increased to about 1 quantum per 1 ms. The heating rate in the dual trap with v, =
3.9 MHz was 1 quanta per 8 ms (after 2 weeks of operation). The lower heating rate of the
dual trap relative to the initial heating rate in trap C could be explained by the electroplating
of the dual trap’s electrodes (the electrodes of traps A and C were not electroplated), some
initial beryllium contamination on trap C (before the first heating measurements were carried
out), the size scaling (=~ d~*), or some combination of these factors. Nevertheless, from
these results, electrode surface purity and smoothness appear to be closely correlated with
ion heating.

We can estimate the heating from thermal electronic noise in the following way [8]: Since
the wavelengths of radiation corresponding to the frequencies of ion motion are much larger
than the trap structures, electric fields from blackbody radiation (thermal electronic noise)
are strongly altered from their free-space values. The fluctuating fields can be determined
by estimating the Johnson noise potential on each electrode from electrode resistance and

frnr ragiatara niirnacely attacrhad 44 tha Alanteadag Hare we evnect +thia recictanpce 0 he
LLULLL ETBIDLULED PLU.PUDCL.)/ ALLAUILITUL LU LIIT CIOU L1l uUUTS. llCLC, wW<C CAPU\/U ULLID 1O0DHIDLALILT LU LT

dominated by that from the RC filters attached to each control electrode. To estimate the
field at the position of the ion, we have numerically solved for the potentials inside the trap
structure. For example, for a 1 V potential applied to one of the #1 electrodes we find the
axial field at the center of trap #2 to be 2.42 V/cm. Using this value and assuming the
RC-filter resistors are at the ambient temperature (~ 300 K), we estimate the axial heating
to be approximately 4 quanta per second for v, = 2.9 MHz. Therefore the heating appears
to be dominated by causes other than thermal electronic noise [27].

5. Jon Transfer

We transferred an ion from trap #2 to trap #4 (Fig. 1) and back by continuously changing
the potentials on the five pairs of control electrodes. This translated the position zg of the
axial trap minimum between the two trap locations. We initially prepared the ion in the
[4)In, = 0) state, where here we consider only the axial mode. Using numerical solutions for

** Some of the sizes, d, listed in Table I of Ref. [27] are incorrect. The size for traps 4 and 5 should be 160
pm. The size for trap 6 (referred to here as trap A) should be 220 pm.
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Table 2. The number of axial quanta gained, An., as a result of transferring the ion from trap
#2 to trap #4 and back with a one-way transfer time interval T. The axial trap frequency, v, =

2.9 MHz.
T (ps) An,

16 nonadiabatic
28 0.610.2
43 0.04+0.03
54 0.01+0.03
200 0.07+0.06
300 0.00+0.07
590 0.140.1

our trap geometry, trap potentials were designed so that during the translation, v, vy, and
v, would be held constant; for the experiments reported here, v, = 2.9 MHz. Starting at time
t = 0 in trap #2 (2o = 0) the axial trap position was smoothly translated according to

20(t) = sin? (%) -1.2mm (1)

until time ¢ = T, after which the axial trap remained at 1.2 mm, the position of trap #4.
After a hold period approximately equal to 7" in trap #4 the transfer process was reversed.
Following the transfer back to trap #2 we measured the (n,) as described above.

To determine the motional heating due to the transfer we also measured the motional
state of the ion held in trap #2 after the same total time delay. Table 2 gives the results for
the ion’s motional heating due to transfer back and forth (the heating in the non-transfer case
subtracted from the heating in the dynamic case). For T = 16 us, the measured motional
sidebands were the same size. This implies that very little population remained in the motional
ground state after transfer [27, 30] and that the transfer was no longer adiabatic. For T = 28 us
about half a quantum on average was gained due to transfer. From a numerical integration

of the classical eagnations of motion we exnected that the ion cho on ]r] gain the amount of
¢l the ciassiCal equations o motion expectied tnat tiie 1on saou gam tae amount of

energy equal to one motional quantum for a 30 us transfer duration. This estimate indicates
approximately when the transfers are no longer adiabatic and agrees reasonably well with our
observations. Overall, this transfer process is robust in that we have not observed any ion
loss due to transfer. As an example, in a series of experiments for 7' = 54 us we transferred
the same ion over 10° times. In addition, we measured the heating of the two radial motional
modes (frequencies between 4 and 5 MHz) due to transfer. For T' = 54 us the heating for
both of these modes was less than 1 quantum.

6. Coherence Test

A critical requirement for the viability of the multiplexed system envisioned here is that
the internal coherence of the ions is maintained as they are moved. We verified this with a
Ramsey-type interference experiment. After laser cooling to the ||)|n, = 0) state in trap #2,
we carried out the transformation

~
——
—~~
~
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Fig. 2. Coherence transfer experiment. a. The experimental timing. b. The probability for the
final state to be [1), Py, as a function of the phase, ¢, of the final n/2 pulse. Each graphed
point is the result of 200 individual experiments. The probability, P4y, is the fraction of these
experiments with 3 or fewer photons detected during the detection period. (When the ion was in
the | |) state, the mean number of detected photons was 12.)

by applying a w/2 pulse using the 0° geometry for the Raman laser beams. We then transferred
the ion from trap #2 to trap #4 in T ~ 55 us. The coherence of the internal state remaining
after transfer was measured with a final Raman 7 /2 pulse (0° geometry) in trap #4 with a
controllable phase ¢ relative to the first pulse [8], which was varied. The ion was then moved
back to trap #2 for state measurement. The probability Pj;) of finding the final state of the
ion to be [1) is

Py = % (1+Ccos(¢p+¢)) (3)

where ¢’ is a constant laser phase difference between traps #2 and #4. The fringe contrast C
is a measure of the coherence [36]. Figure 2a shows the timing of the overall experiment. The
length of the 7 /2 pulses was 1 to 2 us. The interval between 7/2 pulses was 100 us. Figure 2b
shows the oscillation in P}y as ¢ was varied. The fringe contrast was 95.8 £0.8 %, indicating
the preservation of coherence. This experiment was line-triggered (60 Hz) to minimize the
loss of contrast due to magnetic fields fluctuating at 60 Hz and harmonics of 60 Hz. The data
for Figure 2b were taken with 37,000 consecutive round-trip transfers of the same ion.

In another experiment we used a spin-echo technique to minimize the effect of fluctuating
magnetic fields so we could trigger the experiment without 60 Hz synchronization. The qubit
transition frequency depends on magnetic field (~ 2.1 x 10! Hz-T~!), so the internal state of
the ion accumulates an uncontrolled phase between |1) and ||) during the free-evolution period
between 7/2 pulses due to a time-varying ambient magnetic field. This uncontrolled phase
causes the Ramsey fringes to partially wash out after averaging over many experiments, but
since the magnetic field changes negligibly during the time of a single experiment we are able
to correct for it. By inserting a 7 pulse between the two Ramsey pulses the phase accumulated
during the first half of the Ramsey period is cancelled by that accumulated during the second
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Fig. 3. Spin-echo coherence transfer experiment. a. The experimental timing. b. The probability
for the final state to be |1), Py, as a function of the phase, ¢, of the final 7 /2 pulse. Each graphed
point is the result of 1000 individual experiments. The probability, P4, is the fraction of these
experiments with 3 or fewer photons detected during the detection period. (When the ion was in
the | ) state, the mean number of detected photons was 12.) The two /2 pulses were generated
from separate sources which had a constant phase offset; therefore, a minimum does not occur for
¢ = 0 as would otherwise be expected.

half.

Figure 3a shows the timing for this experiment. Here, we applied both 7 /2 pulses in trap
#2. Between these m/2 pulses we transferred the ion to trap #4 where we applied the 7
pulse. Figure 3b shows the oscillation in Pj+y as the phase of the final 7/2 pulse, ¢, was
scanned. The fringe contrast is 96.6 =0.5 %. These data were taken with 170,000 consecutive
round-trip transfers of the same ion. In a control experiment we applied the same pulses and
timing but did not transfer the ion (the 7 pulse was applied in trap #2). For these data we
measured a fringe contrast equal to 96.8+0.3 %. The reduction in fringe contrast from 100 %
in the control experiment is due to factors other than transfer decoherence, such as imperfect
Raman pulses and imperfect state preparation and detection. The decrease in fringe contrast
due to transferring the ion both ways was 0.2 & 0.6 %. Therefore, within experimental error,
we see no reduction in the internal state coherence of the ion due to transfer.

7. Separating Ions

As a test of separating ions, we confined two ions in trap #2, separated them into traps #2 and
#4 (1.2 mm apart), and then brought them back together in trap #2. The separation sequence
began with laser cooling in trap #2 after which the two ions were transferred from trap #2
to trap #3. Prior to separation, the axial center-of-mass frequency in trap #3 was adjusted
to 700 kHz (8V, 0V, 0V, 0V, 8V on electrodes 1 through 5 respectively). Following this, the
potential on electrodes 3 was raised. Initially this process weakened the axial confinement
common to both ions. The trap potentials were smoothly varied so that after approximately
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2 ms, the lowest center-of-mass axial frequency (90 kHz) was reached, at which point two
separate potential wells developed with one ion in each well.!T From this point, the individual
ion axial frequencies were smoothly increased to about 2.9 MHz. During the separation, the
z and y mode frequencies smoothly varied and were bounded between 3 and 7 MHz. We
found that by raising the potentials on electrodes 1 and 5 in addition to electrodes 3 during
separation, we had finer control over the ion motion. The potential barriers from electrodes 1
and 5 prevented the ions from “rolling down” the potential hill created by electrodes 3, making
the process less sensitive to voltage fluctuations on electrodes 3. Even with this strategy we
had to raise the potential on electrodes 3 in a precisely controlled manner. For example, the

Anite voltace steps (~ 10 m n the output of the dicital waveform cenerato nsolied to

the electrodes heated the ions. We filtered these potential steps with an additional cascade
of two RC low-pass filters (R = 1 k2, C = 22 nF) inserted before the control electrode
filters shown in Fig. 1d. When the ions were finally separated into traps #2 and #4, the
voltages on the electrodes were respectively 8V, 0V, 8V, 0V, 8V on electrodes 1 through
5. The axial frequency v, was equal to 2.9 MHz in each of these traps. In the separation
process, the trajectories of the ions were designed to start and end with zero velocity and
acceleration; the acceleration between these end points was a (smooth) polynomial function.
In the experiments reported here, we used a total period of ~ 10 ms to separate the ions from
trap #3 to traps # 2 and 4. This process was reversed to bring the ions back together in trap
#2.

In order to demonstrate separation of the ions, we measured the number of ions in trap
#2 during the period when the ions were supposed to be separated into trap #2 and trap
#4. Our detection optics collected fluorescence photons only from trap #2. After applying
Doppler cooling to any ions present in trap #2 for 2 ms we probed them with the detection
and repump lasers. This determined the number of ions present in trap #2 independent
of their internal state. Figure 4 shows a histogram resulting from a run consisting of 5050
consecutive separation experiments. The horizontal axis is the number of detected photons
recorded in an experiment; the vertical axis displays the number of experiments in which that
number was detected. The distributions (0, 1, and 2 ion) for different ion numbers are shown
for reference. By fitting the data to these distributions we determined that in 95 =1 % of
the experiments one ion was in trap #2. In 4 + 1% of the experiments no ions were in trap
#2 and in less than 1% of the experiments two ions were in trap #2. We found that we
could pick off any number of ions (0, 1, or 2) and move them to trap #2 by changing the
bias potential between electrodes 1 and 5. A change of bias on the order of 25 mV adjusted
the ion split. The asymmetry observed for the data of Fig. 4 resulted from our inability to
precisely control this offset. Finally, with three ions we saw the photon levels corresponding
to 0, 1, 2, or 3 ions in trap #2 as we changed the bias between electrodes 1 and 5.

We also measured the energy gained by an ion due to the separating process. Because
the ions gained many quanta, the sideband-comparison measurement technique was no longer
sensitive. Tnstead we used stimulated-Raman carrier (|])|n,) < |1)|n.)) transitions in the
|n.)-state sensitive 90° geometry with Ak aligned along the trap axis [8, 37]. After separating

1 For a single ion subjected to the same process, the axial frequency goes to zero at the center of the trap before
the double well forms. However for two ions held apart by the Coulomb interaction, neither the center-of-mass
nor symimetric-stretch mode frequencies go through zero.
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the two ions into trap #2 and trap #4 we drove Raman carrier transitions on the ion in trap
#2. The final state population of the ion in trap #2 was measured with a standard detection
pulse. Figure 5 shows the oscillation in detected photon counts (proportional to the final state
population) as a function of the Raman pulse duration. The populations of different |n,)-
states oscillate at different rates [8, 37] so the state population for the “hot” separated ion (a
state with a distribution of many |n,)-states for an ensemble of experiments) made about half
an oscillation before the different |n,) state oscillation periods averaged to the midway level
(half |1) and half ||)). Also shown in Figure 5 are data from a single ion prepared in ||) and
cooled to near the ground state in trap #2. By comparing the time of the first midway level
crossing in the figure for the separated-ion data to that for the “cold” ion data we estimated
the average value of n, for the separated ion. Assuming a thermal distribution of n, levels
we found the average (n,) for the separated ion to be 140 + 70 quanta.

The 10 ms separation time minimized the observed heating during separation. At the
present time, we do not understand why this time could not be shorter. However, we did
observe that most of the energy increase occurred when the center-of-mass frequency was
smallest. This was verified by allowing the separation process to evolve only to a certain point,
reversing it, and then measuring the ions’ temperature. In this way we have an approximate
measure of the heating integrated up to the time of reversal. This measurement revealed
that the energy increased sharply near the point where the center-of-mass frequency was
smallest. This increase in heating at lower frequencies can be expected for two reasons. First,
the heating (in terms of quanta per unit of time) increases as v !
spectrum. Moreover, Johnson noise from the RC filters and any noise injected externally
on the control electrodes will increase substantially at lower frequencies due to the reduced
efficiency of the filters. This was supported by experiments where we measured the single-ion
heating at axial frequencies below 1 MHz, observing that the heating increased more strongly

even for a uniform noise

than v; 3. Future studies will have to address the causes of heating at lower frequencies and
its dependence on v,.
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Fig. 5. Photon counts detected as a function of the Raman (carrier) pulse duration. Data for a
“hot” separated ion and a single cold ion that has not been moved are shown. The separated-ion
data are connected with a smooth curve to guide the eye. The cold ion data are fit with the
expected curve to give {n,) = 0.16.

8. Summary and Conclusions

In these experiments, we have demonstrated some of the key elements for scaling up an ion-
trap quantum processor based on the idea of moving ion qubits between nodes of a multiplexed
trap array [8, 26]. We have adiabatically transferred (no motional heating) an ion between
two distinct traps, 1.2 mm apart, in approximately 50 pus. We have transferred a single
ion between these traps more than 10° consecutive times and have observed no loss due to
transfer. We measured the fringe contrast in a Ramsey-type experiment where an ion was
transferred back and forth between two traps; the measured loss of contrast from transfer was
0.2+ 0.6 %. Therefore, within experimental error, the internal state coherence of the ion was
preserved during transfer. In addition, we demonstrated the separation of two ions, initially
held in one trap, into two distinct traps 1.2 mm apart. The separation process took 10 ms and
was successful 95% of the time. We measured the energy gained by the ions due to separation
to be approximately 150 quanta assuming a thermal distribution of the final motional levels.
Finally, we have seen a reduction in the motional heating compared to previous traps [27] by
a factor of approximately 100. This improvement appears to be related to the integrity of the
trap electrode surfaces and may have been due to preventing deposition of beryllium on the
electrodes and/or insuring more complete coating of the electrodes substrates with gold.
The heating that was observed upon separating ions was not unanticipated; to combat it,
we expect that some sort of sympathetic cooling must be employed [8]. On the other hand,
we believe that it can be reduced and the separation time decreased substantially in future
experiments. For example, the geometry of this trap is not well-suited for separating ions.
At the minimum center-of-mass axial trap frequency during separating (~90 kHz) the ions
are separated by about 50 pm. Yet, in the experiments reported here, we effectively insert an
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approximately 800 ym wide potential wedge between them at this point, making separation
very sensitive to small field offsets. If we employ electrode dimensions where the distance
from the ion to the nearest electrode is about 50 pm, this should make the width of wedge
approximately equal to this distance and make electrode voltage control much less stringent.
Of course, in the past [27], motional heating has been observed to increase significantly as
the trap dimensions are reduced. However, by taking further steps to insure the integrity of
the electrode surfaces, we believe that making smaller traps can lead to efficient separation
without significant heating. To minimize heating that might result from smaller dimensions,
we note that the separation could be performed in specific locations of the trap array where

Optical forces might also be used to facilitate separation (and transfer) as has been demon-
strated for neutral atoms [19, 20]. A high-intensity, far-detuned focused laser beam could be
applied to the logical qubit ions to exert an optical-dipole force without causing significant
dephasing or decoherence due to spontaneous emission. An alternative approach would be
to apply optical forces to the cooling ions used for sympathetic cooling. One version of this
idea would be to make a logical qubit “packet” where two cooling ions would surround each
physical qubit or each logical qubit encoded into a set of physical qubits. Each packet would
be kept intact as it is moved through the device by applying optical forces to the cooling ions.
This would have the advantage that near-resonant optical-dipole or spontaneous scattering
forces could be applied to the cooling ions thereby reducing the laser intensity required for a
given force. Although spontaneous emission of the cooling ions would be relatively high, it
would not significantly affect the qubit ions, particularly if the qubit and cooling ion transition
frequencies are substantially different. When separation with minimal heating is achieved,
exciting possibilities such as complex entanglement studies, repetitive error correction, and
quantum computing may become practical.
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